Abstract: This paper investigated the effects of MnS inclusions on inducing pitting in steel. Three different cooling methods were used to control the morphology, size, and distribution of MnS inclusions. AC (alternating current) impedance spectroscopy experiments and potentiodynamic polarization experiments were carried out for different sizes of MnS inclusions. The corrosion immersion experiment was conducted to study the pitting corrosion process in different morphologies of MnS inclusions. The experiment results showed that pitting corrosion occurred around MnS inclusions and pitting was induced along the junction of MnS inclusions and their surrounding steel matrix. Also, the sensitivity of inducing-pitting of MnS inclusions was changed with the change of the average size of MnS in steel and it had a critical size of MnS. The deeper the MnS inclusions were buried in steel matrix, the more difficult it was for it to dissolve and fall off. Herein, it would cause greater damage.
Introduction
Steel is the most widely-used metal materials at present. However, corrosion, as the most common phenomenon, would cause great damage to the steel material and it also causes huge losses to human beings. The harm of corrosion is not only reflected in economic losses and casualties, but also in environmental pollution and hindrance to the development of emerging technologies. Materials corrosion consumes a great deal of precious, limited resources and energy. So, how to study and solve the corrosion problem in steel materials has become a popular topic.
There are two forms of steel corrosion: general corrosion and local corrosion. Pitting corrosion is one of the main forms of local corrosion, which is divided into two stages: pitting induced and pitting propagate [1] . Pittinginduced sensitivity, pitting extension tendency, and extension speed are the important parameters to study corrosion resistance of steel. Many studies [2] [3] [4] [5] have shown that the effect of inclusions on pitting-induced susceptibility can play an important role to further improve the corrosion resistance of steel.
Sulfide is one of the most common inclusions in steel. It not only has an important effect on the mechanical properties of steel, but also it has an effect on pitting corrosion resistance. Pitting corrosion of steel often occurred around the sulfide [6] . Due to the low melting point of FeS, it could lead to heat brittleness in steel. Thus, generally, adding a certain amount of Mn to form MnS which has a high melting point can help eliminate the damage of FeS. Therefore, sulfide inclusions in steel mainly refers to MnS inclusions [7] . So, in order to improve the corrosion resistance of steel, it is necessary to effectively control the characteristics of MnS inclusions [8] .
Nowadays, many researchers have focused their studies on the effect of characteristics of MnS on inducing pitting corrosion of steel. Muto et al. [9] have studied the relationship of pitting corrosion with sulfide and oxide inclusions in 304 stainless steel and observed that MnS/ CrS inclusions were more likely to induce pitting corrosion than MnO/CrO inclusions and pitting occurred on the boundary of MnS inclusions and steel matrix. Schmuki et al. [10] investigated the corrosion experiment in highsulfur stainless steel DIN 1.4305. It was showed that during the corrosion, dissolution preferentially occurred around MnS inclusions and then pitting corrosion happened. In 316 L stainless steel, Hara et al. [11] explored to improve corrosion resistance by potentiostatic removal of surface MnS inclusions. They demonstrated the dissolution of MnS induced pitting corrosion. Herein, MnS inclusions are the major source of inducing-pitting corrosion in steel. However, there is a controversy on the mechanism of the pitting corrosion. At the same time, the characteristics of MnS inclusions also have an important influence on pitting corrosion. This paper discussed the relationship of different sizes and distributions of MnS inclusions with pitting corrosion. And as for the process of pitting corrosion induced by MnS inclusions in different morphologies, it conducted a comprehensive analysis. This study would provide a reference for improving corrosion resistance of steel by controlling the MnS inclusions.
Experimental Experiment materials preparation
The experiment used pure industrial iron as the raw material. And electrolytic manganese (purity > 98 %) and FeS (analytical grade) were added to adjust the steel composition, as shown in Table 1 . A tubular silicon molybdenum resistance furnace was used as the heating equipment. And high purity argon was adopted to protect in the whole experiment process.
Experimental methods

MnS inclusions control
The size and distribution of MnS inclusions were controlled by different cooling methods. The samples containing the MnS inclusions were heated to 1873 K for 0.5 h to preserve the temperature in a tube-type silicon molybdenum resistance furnace. The samples were cooled by means of furnace cooling, air cooling and water cooling, respectively. The size and distribution of inclusions were analyzed by SEM and Image Pro Plus.
Electrochemical experiments
Electrochemical experiments include potentiodynamic polarization experiment and electrochemical impedance spectroscopy (EIS). Electrochemical work-station and three-electrodes tests were also carried out for the polarization test in 3 % NaCl solution at 298 K. And platinum electrode was used as auxiliary electrode. The sample was working electrode and saturated calomel electrode (SCE) was reference electrode.
(1) AC Impedance Experiment AC impedance spectrum experiments were carried out for three different sizes of MnS inclusions. In this experiment, the sine wave potential amplitude was 10 mV and the range of frequency scanning was from 10 mH to 100 kHz. The study adopted potentiodynamic scanning polarization, with a scan rate of 0.5 mV/s. The experiment results were analyzed by Nova software. The polarization current density of 100 μA cm −2 and the corresponding value of polarization potential was the pitting potential according to ASTM·G150-99 (2004) .
Corrosion immersion experiment
Under room temperature (298 K), the samples were corroded in the 6 % FeCl 3 solution for different times. The micro corrosion morphology of samples was observed and analyzed by SEM and Image Pro Plus.
Results and discussions
MnS inclusions control and characteristics
Different sizes of sulfide inclusions were obtained by controlling the cooling rate of steel. And the typical SEM Images of MnS inclusions under different cooling methods are shown as Figure 1 . Three different cooling methods determined the different cooling rates. From Figure 1 , with the cooling rate of steel increasing, the average size of the inclusions was Table 1 : The composition of the steel (Mass Percent/mass %).
decreased. The size of MnS in the samples which were cooled by furnace cooling was largest. And the sample with smallest size MnS was cooled by water. Through calculating the size of the inclusions by Image Pro Software (Version 6.0, Media Cybernetics, Inc. Rockville, MD, USA), it was shown that with the increase of cooling rate, the number of large inclusions was decreased and the number of small inclusions was increased. On one hand, owing to the increase of cooling rate, the size of precipitated sulfide became smaller. On the other hand, the large cooling rate caused MnS being not enough time to precipitate and the solid solution of Mn and S in the steel were in super-saturation. So, MnS inclusions trended to be spherical in shape. And the observed globular sulfide was generated during the insulating process [12] . In terms of sulfide inclusions morphology, the most significant factor affecting sulfide morphology is the oxygen content [13] . Under three cooling methods, the oxygen content remained a low and stable level. At the same time, there was an higher sulfur content in steel [14, 15, 16] . Therefore, the sulfide inclusions were mainly spherical and spindle, with a small amount of strip shapes and chains through three cooling methods.
Electrochemical experiment and results
The AC impedance spectroscopy test was carried out for three different sizes of MnS inclusions. The polarization resistance (RP) was calculated by fitting the measured impedance spectrum with Nova software. The value of RP can reflect the size of corrosion rate. And the larger the value is, the smaller the corrosion rate is. And the experiment results elucidated that the RP of samples with furnace-cooling, air-cooling, and water-cooling were 1795. 8, 1938.6 , and 1747.1 Ω·cm 2 , respectively. It can be seen that the corrosion rate of the sample with air cooling was the smallest and the sensitivity of pitting corrosion was also smallest. For the sample with water-cooling, the sensitivity of pitting was biggest. And the sensitivity of furnace-cooled sample was in between. As for potentiodynamic polarization experiment, the average pitting potential Eb100 was obtained by doing three groups of parallel experiment for three different sizes of samples.
The results are shown in Figure 2 . And the results were consistent with the result of impedance spectroscopy test.
The pitting potential of water-cooled sample was the smallest and the air-cooled sample was biggest. Figure 3 shows a relationship curve of the average size and the average pitting potential. It was obvious that for the induced-pitting sensitivity of the whole sample, the sensitivity was changed with the average size of the sulfide inclusions in steel. The average pitting potential increased with the average size of MnS inclusions decreasing, and the sensitivity of pitting corrosion was decreased. However, when the average size of MnS inclusions was further decreased, the average pitting potential was decreased. It was demonstrated that there was a critical size to improve the pitting corrosion resistance When the size of MnS inclusions was less than the critical size, the pitting corrosion resistance was reduced instead. Ke and Alkire stated that when the size of MnS inclusions was larger than 0.7 μm, it would influence the pitting corrosion [17] . In the size range of this study, all of MnS inclusions would affect pitting corrosion and there was also a critical size in this range. In order to further explore the relationship between the size of the MnS inclusions and the sensitivity of induced-pitting corrosion, the immersed samples were analyzed by SEM-EDS after polarization tests. And the images are shown in Figures 4-7 . Figure 4 showed the typical MnS inclusion morphology and composition analysis. Point 1 showed the component of MnS and point 2 is for Fe. The results indicated that MnS inclusion induced pitting corrosion and the micro cracks appeared around steel matrix. The black parts in the images were micro cracks because steel matrix was dissolved. Figure 5 shows SEM images which are under low magnification (700 × ). All of the MnS in the samples were observed and it was found that some MnS inclusions induced pitting corrosion but Through analyzing the corrosion morphology from a multiple field of view, it can be found that the size of a single MnS inclusion had slight effect on inducing-pitting corrosion. However, a larger size of MnS inclusion could also cause steel matrix to dissolve more seriously. The reason for this phenomenon was that the dissolution rate of larger MnS inclusions had a faster dissolution rate forming bigger pit [18] . SEM images of different sizes of MnS inclusions are shown in Figure 7 . Figure 7a showed that compared with the smaller size of MnS inclusions Ⅲ, the bigger size of MnS inclusion Ⅰ and Ⅱ both had a larger interfacial area with the steel matrix. And the steel matrix near the inclusions tended to dissolve seriously. Thus, the pitting potential of air-cooled samples was higher than that of furnace-cooled sample in the electrochemical test because the size of air-cooled sample was bigger than that of furnace-cooled sample. Figures 7b and 7c expressed that when the size of MnS was further reduced, the dissolution area of steel matrix was increased resulting in the rate of inducing-pitting increasing. It also found that if the number of clustered inclusions was increased, the relevance of inclusions was enhanced from the point view of distribution. As shown in Figures 7b and 7c , the pits caused by the inclusion Ⅰ and Ⅱ, respectively, were interrelated and formed a new bigger pit. And the dissolution of steel matrix was heavily. Thus, the pitting potential of water-cooled sample was reduced than that of air-cooled sample in the electrochemical test because the MnS inclusions in watercooled sample were small and presented clustered in distribution. On the whole, for the small size of MnS inclusions, there were critical dimensions when the size of MnS inclusions had a critical value about improving the corrosion resistance of steel for smaller inclusions. And once the size was smaller than the critical value, the corrosion resistance of steel was decreased.
Corrosion immersion experiments and analysis
In order to study the effect of MnS inclusions on inducing-pitting corrosion, the experiment was conducted the corrosion immersion by FeCl 3 solution for different times. And then the microscopic corrosion morphology was observed by SEM, as shown in Figure 8 . The change of inclusion size was quantitatively analyzed by Image Pro Plus software.
As shown in Figure 8a , there were five points presenting in the figures. And five types of MnS inclusions were numbered 1, 2, 3, 4, and 5, respectively. The change of corrosion morphology of MnS inclusions could be summarized in the following five categories For point 1: the type of inclusion was globular MnS inclusion, as shown in Figure 8a . Pitting corrosion occurred around the inclusions. And then a micro crack was formed between the steel matrix and the inclusion. As the corrosion time was going, the micro crack became further larger. And the steel matrix surrounding inclusion was totally dissolved. The inclusion was disappeared. When the corrosion time was 35 s, as shown in Figure 9 , the results of EDS was only Fe element. It demonstrated that MnS was totally disappeared and micro pit formed on the steel matrix. The reason for the disappearance of MnS inclusion may be due to the complete dissolution of MnS inclusion or it may because the area of MnS being in contact with steel matrix was dissolved and the residual of MnS inclusion fell off into the corrosion solution. During further corrosion, the size of pit became bigger. On one hand, it may be caused by the corrosive dissolution product of MnS inclusion. On the other hand, it may be the effect of the micro cell caused by different concentration of the local environment.
For point 2: the MnS inclusion showed a long strip shape, and the bottom half of MnS was buried in the steel matrix, as shown in Figure 10 (black box). With the corrosion going, the micro cracks between the inclusions and the adjacent steel matrix became larger. And the interior of MnS inclusion and its surrounding steel matrix were gradually dissolved. However, the original inclusion buried in the steel matrix showed up gradually until all appeared. After corrosion for 35 s, as shown in Figure 8e , most of MnS inclusion disappeared. Only a small part of the MnS was residual in the long strip corrosion pit. The results of EDS are shown in Figure 11 . The MnS inclusion began to fall off and the size of pit was increased.
For point 3: the shape of MnS inclusion was irregular, as shown in Figure 8a . With the corrosion going on, the inclusion gradually disappeared. And the size of pit was further larger. And with the uniform dissolution of steel matrix, the pit became shallow and finally became horizontal with surface of steel matrix.
For point 4: Most parts of the MnS inclusion were buried in the steel matrix. And only a little bit was on the surface, as shown in Figure 8a . With the corrosion going on, the MnS inclusion which was originally buried in the steel matrix showed up gradually. Both MnS inclusions and steel matrix had a tendency to dissolve. The micro crack between MnS inclusion and steel matrix grew bigger. After corrosion for 65 s, the rectangular pits with smooth edges formed. And in the internal of pits, it contained the residual MnS inclusions. For point 5: there was no MnS inclusion presenting in this region, as shown in Figure 8a . After corrosion for 15 s, the MnS began to appear. And with further corrosion, a square pit with unsmooth edges appeared. After corrosion for 65 s, the size of pit became bigger and the edge of pit turned smooth. The size of inclusion was reduced due to its dissolution. According to the position variations of the residual inclusions in the figure, it can be inferred that the place between inclusion and steel matrix came to dissolve causing steel matrix falling off in the pit.
After corrosion for 65 s, the corrosion morphology of other field of view is shown in Figure 12 . It can be observed that MnS inclusions which were shallowly buried in the steel matrix were readily to dissolve, fall off and form pit. And it can reduce the corrosion of steel matrix. However, if the MnS inclusions which were buried deeply in the steel matrix were difficult to dissolve, fall off and made the corrosion go deep into the steel matrix. Thus, it would result in a long-term influence on corrosion of steel matrix.
Analysis on induced-corrosion mechanism of MnS inclusions
The MnS inclusions in steel preferentially absorb Cl -related to steel matrix. And chloride ions could promote the dissolution of MnS making MnS more active and increasing the sensitivity of corrosion sensitivity [19] . In the process of induce-pitting corrosion, the dissolution of MnS included a chemical process and an electrochemical process [20] . The junction of the steel matrix and inclusions was the weakest point of the passive film. So, the junction was first corroded by Cl -. The surface of steel matrix was activated and the iron ion was first dissolved when inclusion induced pitting corrosion, as shown in Formula (1). And then the dissolved iron ion was hydrolyzed to produce H + , leading to local acidification, as shown in Formula (2). Next, the MnS inclusions dissolved, as shown in Formula (3). Finally, the dissolved MnS inclusions would generate HS -, H + and HS -to erode surrounding steel matrix, which caused pitting corrosion happened and developed [21] . At the same time, the produced anodic current promoted MnS inclusions in electrochemical dissolution and produced precipitation of sulfur, as shown in Formula (4). In the absence of chloride ions, sulfur could also cause inclusions to induce pitting corrosion [22] , indicating that sulfur has an erosion effect and exacerbated the corrosion.
Whether this process was chemical dissolution or electrochemical dissolution of MnS inclusions, its dissolution product was corrosive exacerbating the corrosion. The hydrolysis of iron ions and the dissolution of sulfide hindered the re-passivation film of fresh iron atom. And a small occluded zone was formed at the boundary between the inclusions and the steel matrix, which made corrosion develop along the boundary into steel matrix and formed bigger pit. And the corrosion mechanism diagram of MnS inclusions is shown in Figure 13 . 
Conclusions
(1) In this study, the size of MnS inclusions was controlled by controlling different cooling. With the cooling rate increasing, the number of bigger size of inclusions reduced and the number of smaller size of inclusion increased. The results of electrochemical experiment showed that the sensitivity of aircooled sample was the smallest and that of watercooled sample was the biggest. And the sensitivity of furnaced-cooled sample is between the two. And there was a critical size of MnS inclusions to induce pitting corrosion. If the size of MnS was larger than critical size, the average pitting potential was increased with the decrease of the average size of MnS inclusions and the sensitivity of induced-pitting corrosion was reduced. And if the size of MnS were not easily to dissolve and fall off. The corrosion would penetrate deep into steel matrix causing greater damage. And the MnS inclusions which were buried shallowly in the steel matrix were readily to fall off in the steel matrix and caused less damage.
